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The Amami-Sankaku Basin, located in the Philippine Sea, records approximately
50 million years of sediment accumulation and diagenesis of volcanic ash derived
from the Kyushu-Palau and Kyushu-Ryukyu arcs. Analyses of porewater and
sediment samples from the 1461-m core recovered at IODP Expedition 351,
Site U1438, included major and trace elements, strontium radiogenic isotope
ratio (¥Sr/®8Sr), and taxonomic identification of archaeal classes and bacterial
orders. Sediment X-ray diffraction and thin section analyses show that smectite,
zeolites and chlorite are the main authigenic minerals. A multicomponent solute
diffusion and reaction numerical model was developed to simulate the long-term
diagenesis that took place in this sedimentary sequence and to account for the
transition to a calcium chloride brine at about 670 mbsf. Numerical results indicate
that 45% of the initial amount of volcanic ash has been dissolved at 750 mbsf. At this
depth, 13% of the initial water (H,O) in the pore space is estimated to have been
transferred to the solid phase by the formation of zeolites, which accounts for an
increase in porewater chloride concentration. In contrast, dissolution of anorthite
and volcanic ash combined with sodium uptake by zeolites accounts for the
predominance of calcium in the brine. In the upper 160 m of the sedimentary
column, the electrochemical migration of solutes causes chloride to move in the
opposite direction of the concentration gradient, i.e., uphill diffusion, sustaining
downward diffusion of seawater chloride into the sediments.

KEYWORDS

volcanic ash, zeolites, electrochemical migration, reaction-diffusion model,
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Introduction

According to Hardie (1983), a calcium chloride (CaCl,) brine
can be defined as an aqueous solution in which the double of the
molality of calcium is higher than the sum of the molality of
bicarbonate and the double of the molality of carbonate and
sulphate, i.e.:

ZmCah > cho; + 2mco§— + 211’15057

where m stands for the molality of each aqueous species
(i.e., moles per kilogram of solution). Other authors such as
Carpenter (1978) define a brine as an aqueous solution with more
than 100,000 mg/L of total dissolved solids. In our work, we use
the definition by Hardie (1983) to refer to CaCl, brines. These
brines occur in a wide variety of geological settings, including
saline lakes (Katz and Starinsky, 2008); volcanic or sub-volcanic
2008);
submarine hydrothermal vents associated to rift zones
(Hardie, 1983); oil fields (Gavrieli et 1995); and,
volcaniclastic-rich ~ sediments ~ with hydrated
authigenic minerals (Egeberg et al., 1990; Martin, 1994; Blanc

geothermal provinces (Lowenstein and Risacher,
al,,

abundant

et al, 1995). Different biogeochemical, solute transport and
evaporation processes lead to the formation of the CaCl,
brines found in this wide range of geological settings. In this
paper, we focus our attention to the formation of CaCl, brines in
volcaniclastic-rich sediments because their nature is still not fully
understood.

In the Izu-Bonin fore-arc basin, located in the northeast
Philippine Sea Plate, Egeberg et al. (1990) reported highly-
enriched CaCl, brines at depths below 850 mbsf (meters below
seafloor) in a volcaniclastic-rich sedimentary sequence.
these the
geochemical changes coincide with the Miocene/Oligocene

According to authors, strongest porewater
boundary and include a pH increase from 7.6 to 8.9,

magnesium and potassium concentrations decreasing
towards zero, calcium becoming the dominant dissolved
cation at the expense of sodium, and an increase in chloride
concentrations. In addition, where sedimentary sequences
have high content of volcanic ash porewater strontium is
the isotope  ®Sr

contemporaneous seawater (Aagaard et al, 1989; Blanc

enriched in lighter compared to
et al, 1995). A similar geochemical evolution of the
porewaters, and the occurrence of a CaCl, brine at depth,
have been reported at the Aoba Basin, in the New Hebrides
convergent margin (Martin, 1994).

The main processes responsible for this deep evolution in
porewater geochemistry have been identified as 1) dissolution of
primary minerals, including those in the underlying igneous
crust, and volcanic ash accumulated in sedimentary layers; 2)
precipitation of authigenic zeolites and clays; and, 3) solute
diffusion in the water-filled pore space (McDuff and Gieskes,
1976; Gieskes and Lawrence, 1981; Aagaard et al.,, 1989; Blanc
et al.,, 1995; Lee and Klein, 2003).
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Volcanic ash deposited in deep-sea sedimentary basins
becomes thermodynamically unstable in contact with
seawater and at depth in the sedimentary column as the
temperature and pressure increase. Its high reactivity, even
when small amounts of volcanic ash are embedded in the
sediments, leads to visible changes in porewater chemistry,
including an increase in calcium and chloride concentration, a
decrease in the *Sr/®°Sr ratio, and a decrease in the §'*O
values (Gieskes & Lawrence, 1981; Martin, 1994). As a
consequence of volcanic ash alteration, authigenic smectite
and zeolites, such as clinoptilolite, analcime, phillipsite, and
heulandite, form (Cosgrove and Papavassiliou, 1979; Tsolis-
Katagas and Katagas, 1990; Vitali et al., 1995). In deep-sea
sediments, Blanc et al. (1995), Egeberg et al. (1990) and Martin
(1994) argue that the increase in porewater chloride with
sediment depth is due to the transfer of H,O from
porewater into the solid phase, when hydrous minerals,
such as smectite and zeolites, form.

A second possible mechanism for the increase in
chloride

through a

porewater concentrations is pressure-driven

filtration semi-permeable membrane, also
known as reverse osmosis, which allows solvent water to
pass easily through the membrane, and hinders the passage of
dissolved ions (Egeberg et al., 1990; Gieskes, et al., 1990;
Blanc et al., 1995). This process has often been attributed to
the presence of clay-rich units in sedimentary basins, located
deep enough to experience high compaction pressures. When
dissolved ions such as chloride experience pressure-driven
filtration, a low concentration of these ions should be
observed at the low pressure side of the semi-permeable
membrane (Hanshaw and Coplen, 1973; Kharaka and
Berry, 1973; Martin et al., 1995).

The electrochemical migration of chloride is hypothesised
here as a third possible process for the increased chloride
concentration in volcanic ash-rich oligotrophic sediments.
Electrochemical migration is the movement of charged ions
in a multicomponent aqueous solution to maintain charge
balance when ions diffuse at different rates. This process can
be especially important in diffusion-dominated settings that
are common in deep-sea sedimentary basins (Boudreau et al.,
2004; Rasouli et al., 2015; Sprocati et al., 2019). In order to test
this hypothesis, we develop a multicomponent diffusion and
reaction numerical model with PHREEQC version 3.7.1
(Parkhurst and Appelo, 2013) that simulates 48.7 million
years of sediment accumulation and volcanic ash diagenesis
in the Amami-Sankaku Basin (ASB), in the north Philippine
Sea. This numerical model is constrained by geochemical,
isotopic, mineralogical and microbiological data produced
from the International Ocean Discovery Program (IODP)
Site U1438; Arculus et al. (2015a).

Besides inorganic mineral-water interactions, biologically
driven redox reactions can also influence the chemical
composition of deep-sea porewater sediments. Previous
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FIGURE 1

Lithostratigraphy of IODP Site U1438 and depth location of the samples described in this study. Lithostratigraphic units described in the main
text. Insert is a bathymetric map with location of Site U1438 (red < 100 m, purple > 10,000 m). Image with age-depth model modified from Arculus
et al. (2015b). Radiometric (*°Ar/**Ar) ages of the oceanic crust from Ishizuka et al. (2018).

studies demonstrate that in deep-sea oligotrophic sediments,
prokaryotic activity is associated to geochemical and
sedimentary interfaces over geological timescales, catalysing
water-rock interactions with redox sensitive elements such as
sulphur, manganese, iron, carbon and nitrogen (D’Hondt
et al., 2004; Parkes et al., 2005). For these reasons, in
addition to the inorganic geochemical and physical
processes that lead to the formation of a CaCl, brine in the
ASB we focus on the prokaryotic activity and their
implications for the water-rock interactions in the
sediments deposited here.

Frontiers in Earth Science

Materials and methods

In 2014, a 1,461 m-thick volcaniclastic-rich sequence was
recovered from the International Ocean Discovery Program
(IODP) Site U1438 in the ASB (27°23.0'N, 134°19.1'E), on the
northern Philippine Sea Plate, using the R/V JOIDES Resolution
(Figure 1). A convergent margin, where the Pacific Plate subducts
beneath the Philippine Sea Plate, is located 900 km east of Site
U1438. The ASB is a trench-distal, former rear-arc basin of a
previously (~45-25Ma) active island arc-now comprising the
Kyushu-Palau Ridge (KPR). The Philippine Sea Plate subducts
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TABLE 1 Description of the lithostratigraphic units defined at IODP Expedition 351, Stie U1438 (Arculus et al., 2015a), and average sedimentation rate

as depicted from Figure 1.

Lithostratigraphic Depth range Lithology Average sedimentation
unit (mbsf) rate (m/Ma)
1 0-160.3 Unconsolidated terrigenous, biogenic, and volcaniclastic fine sediments 9
11 160.3-309.6 Semi-consolidated tuffaceous mudstone, siltstone, and fine sandstone 30
11 309.6-1,361.4 Consolidated tuffaceous mudstone to coarse sandstone and tuffaceous breccia- 240
conglomerate (Johnson et al., 2021)
v 1,361.4-1,461.1 Consolidated radiolarian-bearing mudstone (Waldman et al., 2021) 30
1 Igneous basement comprising lava flows composed of sparsely vesicular,

microcrystalline to fine-grained, aphyric to sparsely porphyritic, low-K-Ti
tholeiitic basalt (Kusano et al., 2021; Li et al., 2021)

beneath the Kyushu-Ryukyu arc 500 km Northwest of Site
U1438. Volcaniclastic debris and ash erupted from the KPR
(Brandl et al., 2017; McCarthy et al., 2021), and currently active
Izu-Bonin-Mariana and Kyushu-Ryukyu arcs (McCarthy et al,,
2019) respectively, has accumulated in the ASB and now lies at a
water depth of 4,700 m in the Philippine Sea (Arculus et al,
2015a; Ishizuka et al., 2018).

The volcaniclastic sequence recovered in Site U1438 was
divided into four lithostratigraphic units and one additional unit
comprising the underlying oceanic crust. The five units can be
summarized from top to bottom as presented in Table 1. The
paleobathymetry of Site U1438 was assessed in Arculus et al.
(2015a) and ranges from bathyal to abyssal depths, i.e., from
1,000 to > 4,000 m of water depth throughout the history of the
ASB. This indicates that the sediments deposited here were not
under shallow enough conditions to allow for the formation of
brines as a consequence of evaporation in a closed basin. This
process can, therefore, be discarded in the ASB, and the CaCl,
brine observed in this basin can be addressed as a consequence of
the long-term water-rock interactions that modified the original
composition of seawater under deep-sea conditions.

A total of 66 porewater samples and 25 sediment samples for
microbiological analyses were taken to a depth of 950 mbsf
(Figure 1). The deepest porewater samples collected in all
holes drilled in the Ocean Drilling Program (ODP;
1985-2003), International Ocean Drilling Program (IODP;
2003-2013) and, International Ocean Discovery Program
(IODP; 2013-2019) have an average depth of 188 mbsf, and
only 2.5% of these porewater samples reach depths higher than
770 mbsf. Therefore, the porewater samples recovered at Site
U1438 are among the deepest to date in deep-sea oligotrophic
sediments, and allowed us to investigate relationships between
deep porewater compositions, microbiological abundance and
diversity.

Chemical analyses of porewater samples and X-ray
diffraction (XRD) analyses of sediments were completed
aboard the R/V JOIDES Resolution. Porewater was extracted
by squeezing 66 sediment samples. For this purpose, a whole-
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round core sample was collected immediately after core
sectioning on deck, and taken to the onboard geochemistry
laboratory where the sediment sample was squeezed, and the
interstitial porewater collected and analysed for salinity, pH,
alkalinity, and major and minor elements. Porewater salinity
was measured with a temperature-compensated handheld
refractometer (Fisher Model S66366), pH was measured with
a combination glass electrode, and alkalinity was determined by
Gran titration with an autotitrator (Metrohm 794 basic Titrino).
The concentration of porewater ammonium and phosphate was
determined on an Agilent Technologies Cary Series 100 UV-Vis
spectrophotometer while chloride and sulphate were analysed on
a Metrohm 850 Professional II ion chromatograph. The
concentration of sodium, potassium, magnesium, calcium,
aluminium, manganese, iron, strontium, barium and silica in
the porewater samples was analysed in a high-precision
inductively coupled plasma atomic emission spectrometer
(ICP-AES) by Teledyne Leeman Labs Prodigy (further details
in Arculus et al., 2015b; Gieskes et al., 1991; Murray et al., 2000).

The sediment samples left after squeezing for extraction of
the porewater samples were freeze-dried for 12h and then
analysed onboard for XRD using the Bruker D4 Endeavor
X-ray diffractometer with a generator voltage of 35kV and
current of 40 mA. Continuous scans were collected from 4° to
75" 20 for 4,276 steps at a rate of 1 s/step. The corresponding
XRD raw files containing the diffractogram of each sediment
sample were interpreted by using the software Profex version
4.3.2a (Daobelin, 2021). The relative abundance of (amorphous)
volcanic ash was estimated aboard the JOIDES Resolution based
on smear-slide and thin-section microscopic analysis and
interpretation.

Methane headspace analyses were conducted aboard the
JOIDES 10 m. For this
purpose, a 5 cm’ sediment sample was collected from the core

resolution approximately every

immediately after sectioning on deck, placed in a 20 cm® glass
vial, and sealed with a Teflon/silicon septum and a crimped
aluminium cap. A 5cm’ aliquot of the evolved hydrocarbon
gases was extracted from the headspace vial with a standard gas
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syringe and then manually injected into an Agilent/Hewlett
Packard 6,890 Series II gas chromatograph equipped with a
flame ionization detector set at 250°C. The results, reported as
parts per million volume (ppmv), were collected using the
Hewlett Packard 3,365 ChemStation data processing software
(Arculus et al., 2015b).

Strontium isotopic analyses (*’Sr/**Sr) of porewater and bulk
sediment samples were completed by Thermal Ionization Mass
Spectrometry (TIMS), at the University of Aveiro. The relative
abundance of stable isotopes of sulphur and oxygen (&S and
8'*0) were analysed in aqueous sulphate from selected porewater
samples by Isotope Ratio Mass Spectrometry (IRMS), at the
University of Salamanca. Further details regarding sample
preparation and analytical methods are given in sections
1 and 2 of Supplementary Material S1, respectively.

Collected ash samples were water-sieved at the 63-125 uM
size fraction to remove any surrounding clay or sand matrix if
present. The samples were analysed for major and minor element
compositions using a CAMECA SX-100 electron microprobe, at
Oregon State University.

For microbiological analyses, approximately 30 cm® of
sediment were collected with a sterilized minicorer for
PCR (qPCR) DNA
sequencing. All samples were stored and shipped frozen
at —80°C (more details in Arculus et al., 2015b). DNA was
extracted from all sediment samples following Lysis Protocol
ITin Lever et al. (2015). Total numbers of 16S rRNA gene copies
were quantified with qPCR and a 16S rRNA gene based high-
the
characterization of bacterial and archaeal communities. Detail

quantitative and  high-throughput

throughput sequencing approach was wused for
information can be found in section 4 of the Supplementary
Material S1. The sequence reads obtained in this study are
available in the National Center for Biotechnology
Information (NCBI) under accession number PRINA753247.
The PHREEQC version 3.7.1 (Parkhurst and Appelo, 2013) is

a numerical modelling code that calculates aqueous speciation,

equilibrium  and/or kinetically = controlled  geochemical
heterogeneous reactions and transport of solutes in
multicomponent aqueous solutions (ie., electrochemical

migration of solutes) for ionic strengths up to seawater and
above. For thermodynamic equilibrium calculations, PHREEQC
is oriented toward system equilibrium (i.e., solvent water,
dissolved species, gaseous and solid phases) rather than just
aqueous equilibrium (dissolved species, gaseous and solid
phases), and therefore, all moles of each element in the
system, including the moles of hydrogen and oxygen in
solvent water (which are crucial to quantify the removal of
H,O from the pore space when hydrous minerals form), are
distributed among aqueous and solid phases. The effect of
pressure, temperature and ionic strength on the volume of
aqueous species and mineral solubility are also calculated in
PHREEQC. For these reasons, PHREEQC version 3.7.1 was used
to perform a sequence of tasks culminating with the development

Frontiers in Earth Science

05

10.3389/feart.2022.869567

of a one-dimensional reaction-diffusion model simulating
prolonged volcanic ash diagenesis at IODP Site U1438. These
tasks are summarized as (additional details are given in
Supplementary Material S2):

1) Aqueous speciation of the collected porewater samples and
calculation of the saturation indices (SI) of these porewaters
with respect to the main primary (feldspars, olivine,
pyroxenes and quartz) and secondary minerals (zeolites,
clays, calcium carbonates and sulphates). The molality of
carbonate (CO5*) and bicarbonate (HCO;™) ions was also
obtained in this aqueous speciation, for assessing the presence
of a CaCl, brine according to the definition by Hardie (1983).

2) 1D reaction-diffusion model that simulates 48.7 million years
of volcanic ash diagenesis at the IODP Site U1438. This model
allowed us to numerically couple (i) the accumulation of
sediments at the sedimentation rates depicted in Figure 1; (ii)
the dissolution of primary minerals and volcanic ash and

(iii) the

multicomponent diffusion of dissolved species through the

precipitation of secondary minerals; and,

porous space in the accumulated sediments and volcanic ash.

The build-up of the sedimentary column and its diagenetic
processes at the ASB can be seen as a one-dimensional (1D)
vertical accumulation of sediments rich in volcanic ash and
minerals. In this context, the 47.8 Ma-duration of sediment
accumulation history in the ASB was simulated by running
twenty sequential 1D reaction-diffusion simulations (Figure 2).
Starting with 1 cell, and subsequently adding a cell at the top of
the previous simulation, so that the final 1D column is made of
20 cells representing the ~1,460 m-thick sedimentary sequence of
the ASB. The values of the thickness and sediment porosity of
each cell added to the numerical model were defined based on the
observed sedimentation rate and the discrete shipboard porosity
measurements (Arculus et al., 2015a).

The chemical composition of the volcanic ash reflects the
rhyolitic composition of the magmatic source of the
volcaniclastics deposited in the ASB. For this reason, we
selected volcanic ash and anorthite as the only primary
reactive solid phases modelled with kinetic constraints,
with an initial amount of 25 and 10 wt%, respectively
(corresponding to the unreacted minerals in Figure 2). The
kinetic rate equations implemented for the dissolution of
volcanic ash and anorthite were compiled by Palandri and
Kharaka (2004). These authors compiled rate equations
conforming to a general Arrhenius-type rate equation for
over 70 minerals, including anorthite and amorphous silica
(the latter implemented in our model as a proxy for volcanic
ash). The porewater composition implemented as the
unreacted porewater and as constant water chemistry at the
top boundary of the numerical model, shown in Figure 2,
corresponds to the porewater composition measured at the
shallowest sample collected (at 3 mbsf) at IODP Site U1438.
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Illustration of the methodology implemented in PHREEQC for simulating the build-up of the sedimentary column, geochemical reactions and
solute diffusion in the Amami-Sankaku Basin for 48.7 Ma. The boundary conditions are constant at the top of the column and closed at the bottom of

the column for the twenty reaction-diffusion simulations.

More details are given in section 1.2.1 of Supplementary
Material S2.

Based on thin-section, smear-slide and XRD analyses and
interpretations performed aboard the JOIDES Resolution
(Arculus et al., 2015a), and the post-cruise XRD interpretation
performed in this work, chlorite, calcite, amorphous silica, pyrite,
anhydrite, barite, hematite, smectite, manganese oxyhydroxides,
and rhodochrosite are modelled as secondary minerals, treated as
equilibrium phases that are allowed to precipitate if they become
saturated. Clinoptilolite and montmorillonite are modelled as
linear solid solutions to accommodate for the different cations
that can be present in these authigenic minerals. For
clinoptilolite, the end-members with Na, K, Sr and Ba are
considered, while for montmorillonite the end-members with
Ca and K are considered.

To better represent the observed porewater composition in
the ASB, the 1D reaction-diffusion numerical model was
calibrated for two kinetic rate parameters-the specific surface
area of volcanic ash and anorthite-and five equilibrium
constants—the solubility constant of the authigenic mineral
phases amorphous silica, Na-clinoptilolite, K-clinoptilolite, Ba-
clinoptilolite, and Sr-clinoptilolite. This calibration was done
automatically by using PEST (Doherty, 2005) to match
measured porewater data (pH, chloride, sulphate, dissolved
inorganic carbon (calculated from the measured alkalinity,
using PHREEQC),
barium,

calcium,
with
computed porewater data. Mineralogical data were used in

silica, sodium, magnesium,

potassium, and  strontium) numerically

formulating the reaction processes, but no quantitative
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mineralogy was used in the model calibration (more details
are given in section 1.2.2 of Supplementary Material S2).

Results
Porewater chemistry

Onboard
temperature

petrophysical  analyses, and borehole
of the

recovered in Site U1438 indicate a geothermal gradient of

readings sedimentary sequence
77.7°C/km. Therefore, the in-situ temperature ranged from
1.7°C for the shallowest porewater sample to 75.2°C for the
deepest sample (at 3 and 949 mbsf, respectively). From the
seafloor to the deepest porewater, the sediment porosity
decreases from 75 to 34% (Arculus et al., 2015a). Based on
these physical properties, the in-situ temperature and
hydrostatic pressure of each porewater sample were
calculated (section 1, in Supplementary Material S2) and
their depth the
temperatures and pressures of cells in the reaction-

relationship was wused to specify
diffusion model (section 1.2.1, in Supplementary Material S2).

From 3 to 815 mbsf, porewater chloride increases from
0.564 to 0.683 mol/kgw (mole per kilogram of water),
corresponding to a 1.2-fold increase (Figure 3). A chloride
minimum is registered at 145 mbsf, located 15m above the
lithostratigraphic boundary between Units I and IT (the Miocene/
Oligocene transition). Similar minima are observed in the

sodium, sulphate, Total Dissolved Solids (TDS, shown in
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FIGURE 3

Observed porewater depth profiles of chloride, sulphate, sulphate §**S and §'®0 ratio (seawater ratio at sea-level is shown with a cross at the top
of the plot), headspace methane (CH,), sodium, calcium, silica, pH, strontium; and, ¥Sr/%¢Sr in porewater (open diamonds), bulk sediment (black
dots), and contemporary global seawater (semi-vertical dashed line anchored at seafloor as ~ 0.709, calculated from McArthur et al, 2001). The
stability fields of amorphous silica (yellow), a-cristobalite (orange), and quartz (green) calculated with PHREEQC are shown in the plot with

observed porewater silica.

Figure 6) and pH depth profiles. Porewater strontium and
calcium do not show minima (Figure 3).

The smooth linear downward decrease in porewater
sulphate, the extremely low headspace methane concentrations
(below 10 ppmv), the low rate of sulphate-reducing bacterial
activity the of &8*Scpr
(20.6-24.0 £0.35%o, given in section 2 of the Supplementary

indicated by observed range
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Material S2, and the trend of the porewater sulphate §**S/8'*O
indicate that the methane-sulphate redox transition was not
reached at IODP Site U1438 (Figure 3).

Porewater calcium increases with depth from 0.012 to
0.275 mol/kgw, while sodium decreases from 0.501 to
0.128 mol/kgw. This corresponds to a 23-fold increase for
calcium and a 0.26-fold decrease for sodium. At 666 mbsf,
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Calculated Saturation Indices (S) of the porewaters with respect to selected primary (quartz, albite, and hedenbergite) and secondary minerals
(Na-clinoptilolite, chlorite (clinochlore 14A), and anhydrite), observed volcanic ash content, and mineral abundance estimated from the XRD,
corrected for the content of ash. XRD legend: "Primary” includes albite, anorthite, orthoclase, sanidine, microcline, muscovite, jadeite, diopside,
enstatite, and fayalite; “Oxides/Hydroxides” include goethite, gibbsite, hausmannite, pyrolusite, and brucite; “Zeolites” include clinoptilolite,
heulandite, laumontite, and analcime; “Sulphates” include anhydrite and barite.

calcium becomes the dominant cation at the expense of
sodium, magnesium and potassium, and, according to the
definition by Hardie (1983), a CaCl, brine is observed in the
ASB from this depth downwards.

Porewater silica has many inflections in Units I and IT with a
maximum of 8.0 x 10~* mol/kg at the bottom of Unit I and top of
Unit II, coinciding with the Miocene/Oligocene transition. The
aqueous speciation calculations performed with PHREEQC
(detailed in section 1, in Supplementary Material S2) indicate
that quartz and a-cristobalite are the most stable silica-solid
phases for the measured porewater chemistry, pressure and
temperature conditions until 500 mbsf (Figure 3). The pH is
around 7 in Unit [, and increases abruptly in Unit II to 9.0. This
value is sustained in Unit III until 676 mbsf, below which
pH decreases to 8.3.

Porewater strontium reaches a maximum of 1.4 mol/kgw x
10* mol/kgw at 267 mbsf, in Unit II, and a minimum of
2.0 mol/kgw x 107° mol/kgw at 698 mbsf, in Unit III. The
ratio of porewater strontium isotopes, ¥Sr/*Sr, decreases with
depth roughly linearly from 0.7092 to 0.7045. Except for the
shallowest porewater sample, all the others show a considerable
deviation from the contemporary seawater *Sr/**Sr (Figure 3).
The majority of the porewaters are in the interval between the
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bulk sediment and the contemporary seawater *Sr/*Sr, and
most samples below 200 mbsf are close to the bulk sediment
signature. Only two samples (at 98 and 436 mbsf) are clearly out
of this interval, likely indicating diffusion of porewater strontium
from deeper parts of the ASB where the isotopic composition of
strontium is lighter and less influenced by continental radiogenic
87Gr. As Hawkesworth and Elderfield (1978) found in the
Madagascar Basin and the Iceland-Faeroe Ridge, volcanic
minerals, volcanic ash and the basaltic lava flows that form
the basement of deep-sea sedimentary basins are characterized
by a relatively light isotopic composition of strontium, and their
dissolution contributes to low values of Sr/*Sr in the porewater.

Volcanic ash composition and sediment
mineralogy

Smear-slide and thin-section microscopic analysis and
interpretation conducted aboard the R/V JOIDES Resolution
reveal a volcanic ash content, that is, on average 24, 27, and
36 wt% in Units I, II and III, respectively (Figure 4). The XRD-
estimated amount of primary volcanic minerals is on average 35,
33 and 24 wt% in Units I, II and III, respectively, where albite,
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TABLE 2 Electron microprobe analytical data obtained at Oregon State University for the volcanic ash sample collected at 111.9 mbsf, at IODP Site
U1438. The full sample reference is U1438B-13H-1; 66 cm. The data is given in molar ratios of each chemical element. This dataset is used to
define the chemical composition of the volcanic ash implemented in the numerical model developed with PHREEQC.

Sample reference Si Al Na Mg Ti Cl S K Ca Mn Fe P o Total
Ul1438B-13H-1; 66 cm 2593 529 278  0.06 004 014 001 144 054 001 056 0.0l 63.19 100.01
anorthite and muscovite are the dominant mineral phases oversaturation of the porewaters in Na-clinoptilolite (above
(“Primary” in Figure 4). 400 mbsf) and its presence in XRD data indicate that this
The electron microprobe analyses conducted at Oregon State is an important secondary mineral in this sedimentary
University indicate that the volcanic ash accumulated in the ASB basin. Chlorite is much more oversaturated in Units II
is composed of 63% of oxygen, 26% silica, 5% of aluminium, 3% and III than in Unit I, indicating that it might be an
of sodium, 1% of potassium, 0.6% of iron, 0.5% of calcium, and authigenic mineral in Units IT and III, but not in Unit L
the remaining are trace amounts of chloride, magnesium, The porewaters are close to equilibrium with anhydrite at all
titanium, sulphur, manganese and phosphorous (Table 2). depths, and XRD and thin section data obtained onboard
Downhole  changes in  mineralogy at  Site confirm its presence.

U1438 documented from smear slide, XRD, and thin
section observations show dominantly fresh volcanogenic
minerals and ash present in Units I and 1I Prokaryotic diversity and abundance
(depths <300 mbsf) which are transformed into mixtures of

dominantly clay and zeolite minerals in Unit IIT (at The depth distributions of bacterial and archaeal 16S rRNA
depths >500 mbsf). These mineralogical changes can be gene abundances show a consistent trend (Figure 5). Bacterial
seen as diagenetic reactions which are triggered mainly by 16S rRNA genes are more abundant than archaeal 16S rRNA
the thermal gradient (Arculus et al, 2015a). Post-cruise genes in all the sampled sediments depths. Bacterial and archaeal
complementary interpretation of the XRD data, and the 16S gene abundances are highest in the upper 7 m and decrease
quartz stability calculations performed with PHREEQC below 10 m (Figure 5).
(and plotted in Figure 3), allow us to state that quartz is The taxonomic analysis showed that at the sediment-water
mainly a primary volcanic and detrital mineral in the ASB, and interface (topmost stacked bar in Figure 5), archaeal classes are
it is much more abundant in Unit I (16 wt% maximum) than clearly dominated by the Nitrosopumilales (98%) which was
in any other lithological unit. Illite and chlorite are mostly found in other deep-sea oligotrophic sediments and manganese
detrital minerals in Unit I, when this sedimentary basin nodules (Schauer et al., 2011; Blothe et al., 2015). At the same
received more continental inputs, and detrital/biogenic depth, Rhodospirillales (32%) is the dominant bacterial order,
calcite is preserved in Unit II (18 wt% maximum, Figure 4). followed by GR-WP33-30 (7%). These bacterial orders were
According to smear slide, thin section and XRD shipboard observed by Wu et al. (2013) in deep-sea ferromanganese
analyses and interpretation, smectite and zeolites are polymetallic nodules.
authigenic minerals in the ASB (Arculus et al., 2015a). The At 3 mbsf (second topmost stacked bar in Figure 5), the
complementary XRD interpretation performed now indicates phylum Woesearchaeota is relatively abundant (33%), followed
that smectite is more abundant in Unit IT (42 wt% maximum), by the classes Thermoplasmata (8%), Nitrosopumilales and
and zeolites are more abundant in Unit III (70 wt% maximum, Marine Benthic Group A (both at 7% relative abundance).
Figure 4). Thermoplasmata becomes the dominant class (higher than
The PHREEQC-calculated saturation indices indicate that 80%) below 50 mbsf. This class was found associated with
these silica-rich porewaters are close to equilibrium with quartz methane gas hydrates and pockmarks in marine sediments
throughout the sedimentary sequence, becoming slightly (Lanoil et al., 2005, among others). Methanobacteria are also
undersaturated at 500 mbsf where the increased temperature relatively abundant (97%) at 90 mbsf, revealing some
affects quartz stability (Figure 3 and Figure 4). The clear methanogenic activity in the ASB.
undersaturation in hedenbergite in the upper 400 mbsf, The relative abundance of the bacterial orders Sh765B-AG-
reflects the high reactivity of the primary mafic minerals when 111 and vadinBA26 increases with depth, reaching 39 and 22% at
in contact with seawater. 67 mbsf, respectively. Durbin and Teske (2011) and Jungluth
Porewaters oversaturated in albite until 400 mbsf may etal. (2013) found these bacterial orders in the South Pacific Gyre
indicate the albitization of plagioclase, meaning that albite is and in the eastern flank of the Juan de Fuca Ridge, respectively,
not only a primary, but also a secondary mineral in the ASB. The confirming their presence in deep-sea oligotrophic sediments.
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FIGURE 5

(A) Depth profiles of the relative abundance of the most abundant Archaeal groups at class level, Woesearchaeota phylum and unclassified
OTUs at class level. (B) Depth profiles of the most abundant Bacterial groups and unclassified OTUs at order level. (C) Depth profile of total
abundance (copy number) of Archaea and Bacteria; and selected geochemical variables. The tabular data shown in these plots is given in. tsv files

(tab-separated values), in Supplementary Material S1.

In the porewater, the highest concentrations of phosphate
(0.002-0.2 mmol/kgw) occur until 50 mbsf, while high
ammonium concentrations (0.1-0.4 mmol/kgw) occur until
200 mbsf (Figure 5). These are important products of
their
coincides with the highest abundance of Bacteria and

prokaryotic metabolic activity, and occurrence
Archaea. The higher total organic carbon and C:N ratio
observed until 60 mbsf are also in line with these findings.
Just below the boundary between Units I and II, the highest
TOC (0.5wt%) for the whole drilled sequence is recorded. This
could be linked to the presence of an ‘initial compaction
window’” between 83 and 113 mbsf (Maffione and Morris,
2017) acting as a low vertical permeability layer that
inhibited the downward flux of oxidizing waters, and
subsequent degradation of organic matter in the buried
sediments.

Porewater alkalinity, with an almost linear decrease from the
seafloor to the boundary between Units I and II, seems to reflect
more the influence of geochemical and diffusion processes than
biological processes. On the contrary, porewater manganese,
with more visible inflections in Unit I, may reflect the activity

of prokaryotes that use Mn(IV)-oxides (observed throughout
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these sediments) as an electron acceptor. The archaeal phylum
Woesearchaeota, common in suboxic sediments with metal
reduction, could be one of these (Liu et al., 2018).

The low organic matter content in the whole sedimentary
sequence (TOC in Figure 5), and the relative low abundance of
methanogenic and sulphate-reducing prokaryotes confirms the
sulphate-methane transition was not reached. Therefore, the
main driving forces for diagenesis in the ASB do not seem to
be organic matter degradation and concomitant consumption of
electron acceptors, but mostly inorganic geochemical reactions.
Based on these findings, an inorganic reaction-diffusion model
was developed with PHREEEQC to numerically simulate the
long-term diagenesis of volcanic ash at IODP Site U1438.

PHREEQC reaction-diffusion modelling
results

Saturation index calculations and mineralogical analyses
make pure mineral phases containing chloride unlikely.
Nonetheless, the bulk geochemical composition of the
volcanic ash sampled in the ASB, shows that this anion is
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present in trace amounts, with a molar fraction of 0.0014.
Therefore, the observed porewater chloride increase with
depth should be the result of one or a combination of four
processes: 1) ash dissolution; 2) incorporation of water (H,O) in
hydrous secondary minerals such as smectite and zeolites; 3)
reverse osmosis; and, 4) electrochemical migration of chloride.

In the ASB, the highest porewater chloride concentration
occurs between 600 and 950 mbsf. At this depth, the relatively
high sediment porosities (70% of the sediment samples
between 600 and 950 mbsf have a porosity between 34 and
53%) and low clay content (XRD data reveals 70% of the
sediment samples between 600 and 950 mbsf with a clay
to discard the
hypothesis of reverse osmosis for the observed high

content lower than 9wt%) allow us

porewater chloride (Figure 6). Therefore, we developed a
1D reaction-diffusion model with PHREEQC (Parkhurst
and Appelo, 2013), with the methodology described in
Figure 2, that couples the remaining three processes.

The results of the reaction-diffusion numerical model fit well
the general observed trends in porewater chemistry, with the
exception of silica (Figure 7). Simulated porewater chloride,
calcium and TDS agree best with observations (the same is
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true for sodium, magnesium, and potassium, shown in
Supplementary Material S2), while simulated pH, strontium
and silica show larger discrepancies.

Simulated pH does not represent well the observed decrease
from seafloor to the boundary between Units I and II, but it
represents relatively well the downward pH increase with
maxima in Unit III. The simulated inflection of porewater
but
maxima at 275 mbsf overestimates observed maxima by a
of 13 Dissolved the largest
discrepancies with the calculated values trending opposite to

strontium agrees well with observations, simulated

factor times. silica has
the observations throughout the simulated sedimentary column.
The computed low concentration of dissolved silica until
400 mbsf is due to the simulated formation of authigenic
clinoptilolite, smectite and chlorite. The slightly higher
computed porewater silica from 600 to 1,400 mbsf is due to
the more extensive volcanic ash dissolution computed in the
numerical model at this depth, and the lower computed amount
of authigenic smectite and chlorite. The discrepancies between
simulated and observed porewater silica from 600 to 1,400 mbsf
may be due to an incomplete representation of the silica-
containing authigenic mineral phases in the numerical model,
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Comparison between observed (open diamond) and simulated (red line) porewater depth profiles of chloride, calcium, strontium, TDS (Total
Dissolved Solids calculated in PHREEQC with observed porewater data), pH and silica. Total depth of the simulation corresponds to that of the

sedimentary basin.

which would lower the simulated concentration of porewater
silica, and therefore improve the fit between observed and
simulated data. Minerals such as saponite, pyrophyllite and
amesite are strong candidates for these silica-containing
authigenic minerals (Aagaard and Jahren, 1992; and Arculus
et al., 2015b). We tried including these mineral phases in the
numerical model but numerical convergence issues forced us to
withdraw from this option.

As mentioned in section 2, measured porewater data were
used in the objective function of the parameter estimation
performed with PEST (Doherty, 2005) to estimate the
geochemical reaction constraints. Therefore, the plots shown
in Figure 7 (and in Supplementary Material S2, for the
remaining porewater data) reflect the goodness of fit of this
calibration. Contrary to the porewater data, the observed amount
of minerals and volcanic ash were not included in the calibration
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of the numerical model, and therefore can be used to check
showing how well the numerical model represents observed solid
phase data (Figure 8).

Observed volcanic ash content is around 25 wt% in Unit L. In
Units ITand I1I, it shows considerable scatter, reaching a maximum
of 80 wt% at 390 mbsf, and a minimum of 0 wt% between 858 and
883 mbsf (Figure 8). The simulated volcanic ash content agrees
with observed data in Unit I, and it is within the observed range in
Units IT and III. The location of the simulated minimum volcanic
ash content coincides with observed minima, between 700 and
900 mbsf. The XRD-estimated amount of anorthite also shows
considerable scatter and the simulated anorthite amount falls
within the observed range.

The XRD-estimated amount of clinoptilolite is below 2 wt%
in Unit I, below 3 wt% in Unit II, and scattered between <2 wt%
and 9 wt% in Unit IT], the maxima being located between 548 and
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Simulated depth profiles of the relative amount of volcanic ash, anorthite, clinoptilolite, chlorite (clinochlore 14A), and smectite (red lines).
Observed vitric content (expressed in weight percent), and XRD-estimated content of anorthite, clinoptilolite, chlorite and smectite, corrected for
the observed vitric content (black diamonds). Note the different scales for XRD-estimated and simulated amount of chlorite and smectite/illite.

759 mbsf (Figure 8). The simulated amount of clinoptilolite
agrees relatively well with the observed trends. The XRD-
estimated amount of chlorite and smectite/illite (maxima of
9 and 42 wt%, respectively) is much higher than the values
predicted in the numerical simulation (maxima of 0.3 and
0.2 wt%, respectively). This could indicate that part of the
XRD-estimated amount of chlorite and smectite/illite is
detrital, while the numerically computed amount of chlorite
and smectite refers to the authigenic fraction. How much of
the XRD-estimated amount of these minerals is detrital is still
unknown, but the isotopic strontium composition of the two
topmost bulk sediment samples enriched in radiogenic *’Sr
continental rocks

indicate a clear contribution from

(Figure 3).

Discussion

Extent of volcanic ash diagenesis and
implications for the isotopic signature of
dissolved strontium (87Sr/%6Sr)

The lowest volcanic ash content, revealed by observed data
(Figure 4), occurs at the bottom of Unit II (277 mbsf), and
between 670 and 940 mbsf, in Unit III. A relatively high
concentration of measured dissolved silica (7 x 107* mol/L)
coincides with the low ash content at the bottom of Unit II.
In Unit III, the intense formation of authigenic zeolites (up to
70 wt%, according to XRD data), smectite/illite (up to 26 wt%)
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and chlorite (up to 6 wt%) has consumed most of the dissolved
silica, indicating that between 670 and 940 mbsf, ash diagenesis
has been most prominent.

Due to the inherent difficulty in assessing its actual value, the
initial amount of volcanic ash contained in the sediment when it
settles at the sea bottom is assumed 25 wt% during the entire
simulation period for the reaction-diffusion numerical model of
the ASB. Therefore, the quantitative estimation of the extent of
volcanic ash diagenesis, based on the outputs of the numerical
model, is subject to this uncertainty. The numerical simulation of
47.8 million years of sediment accumulation and volcanic ash
diagenesis in the ASB indicates that up to 11 wt% of volcanic ash
is dissolved in Unit III, at 750 mbsf. This corresponds to 45% of
the initial amount of volcanic ash being dissolved after 34 Ma of
sediment accumulation and diagenesis. The maximum dissolved
amount of volcanic ash computed in the other lithological units
is <1 wt% in Unit I, 1 wt% in Unit II, and 2 wt% in Unit IV (for
more details see section 1.2.3, in Supplementary Material S2).
The much higher extent of volcanic ash diagenesis computed in
Unit ITI coincides with the period of high sedimentation rate that
occurred from 36 to 28 Ma (Figure 1). These numerical
modelling results are interpreted as follows: during a period of
higher sedimentation rate the amount of fresh volcanic ash
accumulated and put in contact with seawater for a given
time interval is higher than in periods of lower sedimentation
rate. Since the kinetic dissolution rate of volcanic ash is directly
proportional to the amount of volcanic ash in the sediment,
periods with high sedimentation rate will experience a more
addition, the

pronounced volcanic ash dissolution. In
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FIGURE 9

Comparison of the porewater #Sr/®°Sr versus 1/Sr(q) in the
|IODP Site U1438 with other deep-sea drilling sites; Madagascar
Basin (DSDP Site 245; Hawkesworth and Elderfield, 1978), Iceland-
Faeroe Ridge (DSDP Site 336; Hawkesworth and Elderfield,
1978), Tonga Fore-arc (ODP Site 841; Blanc et al,, 1995), and the
Vering Plateau (ODP Sites 642 and 643; Aagaard et al., 1989).

temperature and pressure at these depths lead to increased
solubility of amorphous silica (see Figure 3) which makes
volcanic ash thermodynamically more vulnerable to dissolution.

When volcanic ash dissolves an isotopically less radiogenic
strontium (lower ¥Sr/*Sr) is released into the porewater relative
to contemporary seawater. This is clearly seen in Figure 3 where
the porewater strontium is much less radiogenic than the
contemporary seawater in all except the topmost sample. The
contribution of volcanic minerals and ash dissolution to
dissolved strontium could be up to 78 and 100%, at 737 and
518 mbsf, respectively. The less radiogenic strontium is
characteristic of the volcanic ash and minerals deposited in
the ASB, with a bulk sediment value of 0.7036, at 737 mbsf.
The two topmost bulk sediment samples, on the contrary, show
the (0.7131-0.7143)

indicating a clear contribution from sediments rich in

most radiogenic isotopic signature
radiogenic ¥Sr originated from the Asian continent (Jiang
et al., 2013).

In Figure 9, the porewater *’Sr/**Sr data obtained at IODP
Site U1438 is plotted against 1/Sr(,q) (the inverse of the
concentration of aqueous strontium) together with data
from four other locations where volcaniclastic-rich
sediments were recovered: the west Indian Ocean (DSDP
Site 245 in the Madagascar Basin; Hawkesworth and
Elderfield, 1978); two locations in the north Atlantic Ocean
(DSDP Site 336 in the Iceland-Faeroe Ridge; Hawkesworth
and Elderfield, 1978; and the ODP Sites 642 and 643 in the
Voring Plateau; Aagaard et al., 1989); and, the west Pacific
Ocean (ODP Site 841 in the Tonga Fore-arc; Blanc et al,
1995). The extremely low porewater *’Sr/**Sr observed at

IODP Site U1438 indicates that the dissolution of volcanic
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minerals and ash has contributed more remarkably to the
isotopic composition of porewater strontium than in any of
the other Sites. In addition, at values of 1/Sr(aq) higher than
0.10, IODP Site U1438 and ODP Site 841 behave similarly;
with the isotopic signature of strontium decreasing as the
concentration of dissolved strontium decreases (i.e., as 1/Sr(,q)
increases).

Origin of the deep calcium chloride brine

The deep CaCl, brine, that is, observed below 600 mbsf in
the ASB is well represented in the reaction-diffusion
numerical model developed here, as shown in Figure 7. The
formation of this brine can therefore be explained based on
the outputs of the numerical model and subsequent mass
balance calculations performed for water (H,O), chloride
(CI") and calcium (Ca*").

The porewater chloride profile computed in the reaction-
diffusion model (previously shown in Figure 7) is plotted in
Figure 10 under the label WRI+ECM (water-rock interactions
coupled to electrochemical migration of solutes) together with
other porewater chloride profiles that depict the prevailing
hydrogeochemical process in each part of the profile. The
other chloride profiles shown in Figure 10 were calculated
from the initial porewater chloride concentration (i.e., the
concentration prior to diagenesis), and either adding chloride
in line with the computed mass of dissolved volcanic ash or, by
removing H,O from the porewater in line with the computed
mass of hydrated authigenic secondary minerals at the end of the
48.7 million years of sediment accumulation and diagenesis in
the ASB. Therefore, the curves labelled with these two processes
(addition of CI” or removal of H,O) reflect purely water-rock
interactions (WRI), without the influence of electrochemical
migration of solutes in the aqueous solution that fills-up the
pore space. The corresponding calculations are given in section
1.2.4, in Supplementary Material S2.

The sum of all water-rock interactions (Sum of all WRI) is
also shown in Figure 10, and because solute diffusion may add or
remove chloride through the top boundary condition of the
modelled sedimentary column (that represents the seafloor),
the total mass of porewater chloride computed in the curve
Sum of all WRI was compared with that obtained for WRI+ECM.
Our calculations show a surplus of 0.5% in the WRI+ECM
compared to the Sum of all WRI which could be an evidence
of uphill diffusion of chloride into the sediment column, at the
seafloor boundary. Uphill diffusion is the diffusive movement of
a solute in the opposite direction of its concentration gradient
driven by the electrochemical migration of solutes in the pore
space.

Where volcanic ash diagenesis has been most prominent
(600-1,000 mbsf), volcanic ash dissolution and formation of
zeolites are the dominant processes contributing to the high
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lithological units shown in Figure 1.

chloride concentration (dark and light blue lines in Figure 10,
respectively). At this depth, a maximum of 13% of the initial
H,O in the pore space is estimated to be removed after 36 Ma
of diagenesis, and the formation of zeolites accounts for 97%
of this H,O loss. For the whole sedimentary column, the
chloride added to the porewater via ash dissolution
represents only 2% of the total porewater chloride observed
nowadays.

When all the water-rock interactions are summed up
(dashed black line in Figure 10), a higher concentration of
chloride is calculated at 600 to 1,000 mbsf and below
1,200 mbsf than that which is predicted in the reaction-
diffusion model (WRI+ECM in Figure 10). In line with the
WRI+ECM curve, chloride has moved away from these
locations through diffusion in the pore space. The diffusion
of chloride in these locations is in the direction of the
concentration gradient, i.e. downhill diffusion, but strongly
diminished by the electrochemical migration of solutes. In the
upper part of the profile (until 160 mbsf), the electrochemical
migration of solutes cause chloride to move downward in the
the
concentration gradient, i.e., uphill diffusion, sustaining the

sediment column in opposite direction of the

downward diffusion of seawater chloride into the sediments.
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At ODP Site 793 in the Izu-Bonin fore-arc, a similar
lithology to the ASB was recovered down to a depth of
1,682 mbsf. Here, Egeberg et al. (1990) estimated a removal
of ~26% of the H,O from the pore space due to the formation
of authigenic minerals, based exclusively on the observed high
concentration of porewater chloride. These authors did not
take into account the effects of the electrochemical migration
of chloride nor the contribution of volcanic ash dissolution to
the observed porewater chloride, and this could be the reason
why we estimate a lower removal of H,O from the pore space
of 13%, based on the outputs of the reaction-diffusion
numerical model developed for the ASB.

As chloride, the
hydrogeochemical processes in the different parts of the

for we also depict prevailing
porewater calcium profile computed in the reaction-
diffusion model (WRI+ECM 11).

becomes the dominant cation in porewater at 666 mbsf,

in Figure Calcium
coinciding with the upper part of the section where
ash diagenesis has been most prominent
(600-1,000 mbsf). Anorthite dissolution has contributed the
most to the porewater enrichment in calcium (green line in

volcanic

Figure 11). For the whole sedimentary column, the calcium
added to porewater via anorthite dissolution represents 41%
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of the total porewater calcium observed nowadays, and ash
dissolution contributes 33%. In addition, the comparison
between the curves Sum of all WRI and WRI+ECM
indicates that diffusion of calcium in the pore space occurs
downbhill along its concentration gradient but it is hindered by
the electrochemical migration of solutes.

Conclusion

The 1,461 m-thick volcaniclastic sedimentary sequence
accumulated in the ASB records the history of 48.7 million
years of sediment accumulation and volcanic ash diagenesis.
The sediment and porewater samples recovered from IODP Site
U1438 provided a unique hydrogeochemical, microbiological
and petrophysical dataset that motivated us to develop a
reaction-diffusion numerical model that simulates the build-
up of the sedimentary column and the water-rock interactions
during this long-term diagenetic evolution.

From the seafloor to 800 mbsf, the concentration of
porewater chloride increases 1.2 times, calcium increases
23 times, and sodium decreases 0.26 times. The isotopic
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signature of dissolved strontium reveals a downward
increasing imprint from volcanic ash dissolution, and from
400 to 600 mbsf the isotopic signature of contemporary
seawater is completely lost.

The observed ash content is on average 24, 27, and 36 wt% in
the lithostratigraphic Units I, IT and III, respectively. The main
authigenic secondary minerals revealed by XRD and thin section
analysis are smectite/illite clays in Unit II (up to 42 wt%) and
zeolites in Unit IIT (up to 70 wt%).

The microbiological analyses reveal that bacterial and archaeal
16S gene abundances are highest in the upper 7 m of the sedimentary
column. The Nitrosopumilales Archaea is predominant at the
sediment-water interface, and below 50 mbsf Thermoplasmata
become dominant. Relatively abundant Methanobacteria (97%) at
90 mbsf reveal some, but limited, methanogenic activity in the ASB.
The porewater manganese inflections observed in Unit I may reflect
the activity of prokaryotes that use Mn(IV)-oxides as an electron
acceptor, and the archaeal phylum Woesearchaeota, abundant at
3 mbsf, could be a candidate for this process.

The reaction-diffusion numerical model developed with
PHREEQC indicates that 45% of the initial amount of

volcanic ash has been dissolved in Unit III, at 750 mbsf.
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The amount of volcanic ash predicted to have dissolved in the
whole sedimentary column contributes to only 2% of the
chloride
anorthite and volcanic ash dissolution contribute 41 and

porewater observed. For porewater calcium,
33%, respectively.

The formation of the CaCl, brine in the Amami-Sankaku
Basin is explained as follows. Where volcanic ash diagenesis has
been most prominent (600-1,000 mbsf), 13% of the initial water
(H,O) in the pore space is estimated to have been removed, and
the formation of zeolites accounts for 97% of this water loss. This
loss of water is the main hydrogeochemical process leading to the
high concentration of porewater chloride at this depth. For calcium,
in contrast, anorthite and volcanic ash dissolution are the
predominant processes. In addition, the mobility of calcium in
the pore space is driven solely by downhill diffusion, while
chloride shows a clear uphill diffusion that can only occur when

solutes experience electrochemical migration.
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